• Phytophthora spp. incite serious plant damages by exploiting a large number of effector 32 proteins and small RNAs (sRNAs). Several reports are describing modulation of host 33
regulating nucleosome and chromatin modifications and involvement of a range of 57 transcription factors. Small non-coding RNAs (sRNAs) have added new insights into these 58
processes not least on post-transcriptional and post-translational regulation. sRNAs are known 59
to trigger sequence-specific cleavage or translational repression of target transcripts. sRNAs 60 are well studied in several model species including Arabidopsis, since they are involved in 61 numerous processes including development and stress responses (Axtell, 2013) . In plants, 22 nucleotide (nt) sRNAs are processed from RNA polymerase II-transcribed primary RNAs 63
(microRNAs or miRNAs) or generated from dsRNA. Among the latter group, secondary 64 small interfering siRNAs (siRNAs) can be formed such as phasiRNA and tasiRNAs. Whereas 65 the 24-nt siRNAs (p4-siRNAs) predominately expressed in developing endosperm is treated 66
as a third main group of sRNAs. In the centre for all these processes are Dicer-like (DCL), 67
Argonaute (AGO) and RNA dependent RNA polymerase (RDR) protein families. There are 68 however distinct differences in sequence formation and preferences, biogenesis and 69 downstream processing of the different sRNA categories. Additional proteins take part in 70
transcriptional and post-transcriptional gene silencing events that together with the different 71 sRNA classes form a complex picture of the gene regulatory processes, which are excellently 72 reviewed elsewhere ( Besides endogenous gene regulation of resistance (R) genes particularly by miRNAs 75 (Shivaprasad et al., 2012; Yang et al., 2013; Budak et al., 2015) , much emphasis has been 76 turned to the mobility of sRNAs within or between different organisms. Initially, RNA 77
interference in plants was devoted to studies of virus responses. It was shown that virus 78 infection is arrested by producing DCL-dependent and virus-derived siRNAs which guide 79 plant AGO proteins to viral RNAs (Guo et al., 2019) . To subvert plant defence responses, 80 eukaryotic pathogens can deliver sRNAs during infection such as shown by the fungus 81
Botrytis cinerea (Weiberg et al., 2013) . In this case the pathogen hijacks the sRNA machinery 82
in Arabidopsis with its own sRNAs. However, there are also cases where for example plant 83 miRNAs (miR159 and miR166) can be induced upon fungal infection and cleave fungal 84 effector mRNAs resulting in resistance to the fungus Verticillium dahliae (Zhang et al., 85 2016) . Although the number of reported cases of plant-pathogen exchange of sRNAs is 86 increasing, there is a lack of deeper understanding of RNA-based events between crop species 87
and their major disease causing agents. 88
The late blight disease of potato (Solanum tuberosum) and tomato (S. lycopersicum) 89
incited by the oomycete Phytophthora infestans causes global annual losses estimated to € 12 90
billions (Arora et al., 2014) . P. infestans has a large genome enriched in genes coding for 91 effector proteins that promote plant infection by secretion into the apoplastic and cytoplasmic 92 spaces of the host tissue (Haas et al., 2019; Whisson et al., 2016) . These virulence genes are 93 predominantly located among repeat sequences, explaining the rapid adaptation potential of 94 this pathogen. identified in its genome (Vetukuri et al., 2011) . Adenine N6-methylation (6mA) has in case 102 of P. infestans and P. sojae replaced the more common 5-methylcytosine DNA-methylation 103 implicated in gene regulation (Chen et al., 2018) . New functional pathways and or new 104 candidates being involved in canonical pathways need to be clarified. The potato genome is 105 large (Xu et al., 2011; Hardigan et al., 2016) which hampers detailed analysis of sRNAs and 106 their predicted targets. So far are 21-24 nt sRNAs reported with the 24 nt as the major size 107
class (Lakhotia et al., 2014) . The number of components taking part in the sRNA biogenesis, 108 their function and responses induced upon pathogen attack remain to be demonstrated. 109
Here, we used an Ago1-GFP P. infestans strain (Åsman et al., 2016) to analyse sRNA-110 associated events during potato infection. We show extensive targeting of potato and 111 pathogen-derived sRNAs to a large number of mRNAs, including 206 sequences coding for 112 resistance (R) proteins in the host genome. Intriguingly, the single miRNA in P. infestans 113 (miR8788) was found to target a lipase-like membrane protein-encoding gene StLL1 whose 114 suppression promotes pathogen growth. miR8788 seems to be an ancient molecule, tracing 115 back to strains from 1846, which highlights its conserved role in abating the defence 116 machinery to this devastating pathogen. 117 118 119
Materials and Methods

120
Materials for Ago-RNA co-immunoprecipitation (co-IP) 121
Two transformants of P. infestans wildtype (WT) strain 88069 were used (Åsman et al., 122 2016): one harboring a green fluorescent protein-encoding gene (pHAM34:eGFP), and the 123 other P. infestans Ago1-GFP (pHAM34:PiAgo1-GFP). Plant growth conditions, pathogen 124 storage, cultivation and inoculation procedures were as earlier described (Vetukuri et al., 125 2011; Jahan et al., 2015) . Three replicates of leaves from cv. Bintje inoculated with either of 126 the two P. infestans strains were collected 6 days post inoculation. For each replicate, 2 g of 127 leaf material was pooled ( Fig. S1 ). Mycelia of the two P. infestans strains were grown in pea 128 broth for 7 days, before collecting 3 mycelia replicates of 200 mg from each strain. in the binary plasmid pGWB505 (Nakagawa et al., 2007) and transformed into Agrobacterium 175 strain GV3101 containing pSoup (Hellens et al., 2000) . The P. infestans miR8788 stem-loop 176 sequence was amplified from P. infestans strain 88069 genomic DNA. The complete stem-177
loop structure was cloned (Gateway, Invitrogen Life Technologies) into pGWB505, forming a 178 p35S:miR8788-GFP construct. All constructs generated in this study were confirmed by 179
Sanger sequencing (Macrogene Inc.), and all cloning primers are listed in Table S1 . Three-180
week-old N. benthamiana plants were used for Agro-infiltration. Samples of leaves co-181 infiltrated with StLL1-GFP and the stem-loop of either miR8788 or ame-miR6055 (miR6055) 182
were collected after three days and used for Western blot analysis (Åsman et al., 2016), using 183 mouse monoclonal anti-GFP antibody (JL-8, BioNordika, In Vitro Sweden AB). Six-week-184 old N. benthamiana plants were Agro-infiltrated with pGWB505 containing p35S:StLL1-GFP 185 and the p19 silencing suppressor (Scholthof, 2006) and used for sub-cellular localization 186
analysis. Control leaves were infiltrated with p19 alone. Staining of the plasma membrane 187 was done by soaking leaf pieces in 50 µM FM4-64FX (Thermo Fisher Scientific) for 30 min.
188
Imaging was performed 3-5 days post infiltration using an LSM800 confocal microscope 189 (Zeiss 
Results
292
PiAgo1 shifts 5' nt preference from C to U during infection 293
We infected potato leaves with the same P. infestans pHAM34:PiAgo1-GFP strain as in the 294 earlier study, and included as controls leaves infected with a strain containing pHAM34:eGFP 295
(Avrova et al., 2008) ( Fig. S1 ) and mycelia from the two strains grown on plates. Co-296 immunoprecipitated sRNAs were analysed on an Ion Proton sequencing platform, generating 297
in total 86,600,701 raw reads. Computational processing (Fig. S2 ) resulted in six sRNA 298 datasets comprising 26,123,643 sRNA reads from P. infestans and 3,090,568 potato sRNA 299 reads. Analysis of the P. infestans sRNA distribution indicated size enrichment of 21 nt 300 sRNAs both in the mycelia sample and in the sample from infected potato leaves. The 301 proportion of 21 nt sRNAs was higher in pure mycelia (42,275 reads, 54%) than in the leaf-302
infected sample (24,088 reads, 39%) ( Fig. 1a, Fig. S3 ) and there was a slight enrichment of 25 303
and 26 nt P. infestans sRNAs during potato infection. This size pattern is similar to the 304 previously reported information on the highly pathogenic P. infestans strain 3928A (Vetukuri 305 et al., 2012) . Unexpectedly, potato sRNAs could be detected in our PiAgo1 pull-down 306 material, indicating a potential incorporation of host sRNAs into the oomycete RNAi 307 machinery. The potato sRNA size profile showed enrichment between 18 to 24 nt with a peak 308
at 21 nt and minor presence of sRNAs between 25 to 37 nt (Fig. 1b ). Plant miRNAs are 309 known to have a predominant length of 21 nt, particularly from DCL1 processing, while 310
somewhat longer miRNAs are produced by other DCL proteins (Rogers & Chen 2013 ). Most 311 plant miRNAs have unique 5'-terminal U nucleotides, a feature selected by Ago1 for the gene 312 silencing process (Mi et al., 2008) . A clear U preference was found in PiAgo1-associated 313 sRNAs mapping to potato mRNA, particularly among the 21 nt sRNAs (Fig. 1c ). intriguing possibility could be that Phytophthora Ago1 has co-evolved with host miRNA 322
(size and 5' nt) as a means to efficiently down-regulate selected host genes to favour 323 infection. 324 325 mRNAs coding for resistance proteins are the dominating sRNA target 326
Concerning the origin of the different sRNAs loaded into PiAgo1, 71% of the St-sRNA 327 derived from intergenic regions in the potato genome, followed by exons (18%) and introns 328 (9%) (Fig.1d ). Six St-miRNAs derived from potato protein-coding genes (4 exonic and 2 329 intronic) whereas the 27 additional St-miRNAs originated from intergenic regions. 330
We predicted mRNA targets and their annotated gene functions in potato for Pi-sRNAs, St-331 miRNAs and a remaining group of St-sRNAs having a greater coverage than 10 RPM. Genes 332 coding for transporters, resistance proteins and kinases were top-three groups for Pi-sRNAs 333
and St-sRNAs (Fig. S4) . A bias towards the R gene category, 141 and 55, was detected in the 334 two datasets. In the St-miRNA group, 21 miRNAs were found to target 107 St-genes whereof 335 34 were R genes (Fig. S4 ) followed by transcription factors and liguleless, the latter important 336
for leaf development (Osmont et al., 2003) . In summary, as many as 206 R genes could be 337 potentially down-regulated upon P. infestans infection either by the host or by pathogen-338 derived sRNAs loaded into PiAgo1 (Fig. S5a ). In the St-sRNA and the Pi-sRNA datasets, 13 339 and 12 R genes, respectively, were annotated as late blight resistance genes, and three Rpi-340 blb2-like genes were targeted by both sources of sRNAs (Table S3 ). were present in our reads. The miR8788-5p is located in exon 1 and the miR8788-3p is found 351 in the short (57 nt) intron 1 of PITG_10391. Analysis of miR8788 (both 3p and 5p) revealed 352 that its potential targets are a handful of genes in the P. infestans genome (Table S4) To validate the predicted miR8788 cleavage site in StLL1, 5' RACE was performed, using 359 total RNA extracted from leaves 5 days post inoculation with P. infestans. The amplified PCR 360 products, ranging from 100-200 bp, were cloned, sequenced and mapped to the potato 361 genome (Hardigan et al., 2016) . Eight out of 10 clones terminated at the same position ( Fig.  362  2a,b) , supporting the miRNA-induced cleavage prediction. 5' RACE on total RNA extracted 363 from potato inoculated with water resulted in 40 identical clones, none of which indicated 364
StLL1 cleavage without P. infestans (Fig. 2c ). The result was followed up by Northern 365 hybridization, demonstrating the presence of miR8788-5p in pHAM34:PiAgo1-GFP infected 366 potato (Fig. 2d ). Involvement of any potential phasiRNA generated from the potato R genes 367
targeting StLL1 was also checked, but no such candidate was found. Next, the dual-luciferase 368
reporter system was applied on Agro-infiltrated Nicotiana benthamiana leaf materials (Fig.  369 2e). This approach generated repression of the target mRNA sequence (Fig. 2f ), also seen in 370
Western blot analysis (Fig. 2g ). Alternative miR8788 targets were searched for and three 371 potential sequence candidates were analysed but no cleavage sites were detected in the 372 predicted miRNA sites by 5' RACE ( Fig. S6) . 373 374
LL1 is prevalent among Solanaceae species 375
The StLL1 protein has a single trans-membrane domain and an alpha/beta hydrolase fold 376 domain and is significantly suppressed in potato upon P. infestans inoculation (Fig. S7a,b) . 377
To determine StLL1 localization in N. benthamiana cells, a GFP-tag was fused to the C-378
terminus of StLL1 and the fusion protein was expressed under the control of the 35S 379
promoter. After Agro-infiltration, StLL1-GFP was detected in the tonoplast (Fig. S7c-g) , the 380 membrane separating the vacuole from the cytoplasm. The tonoplast is an important 381 subcellular compartment and point of contact with the specific intercellular infection structure 382 called haustorium formed by oomycetes as invaginated plant host cells. In the Arabidopsis-383
Hyaloperonospora arabidopsidis interaction, the plant cellular content may undergo 384 extensive rearrangements, including re-localisation of the tonoplast close to the haustorium 385 under infection (Caillaud et al., 2012) . Much remains to be clarified on the haustorium-host 386 molecular exchanges. 387
StLL1 is member of a small family of two genes, located in different Solanaceae gene 388 clades ( Fig. 3; Fig. S8 ). A gene that appears fixed due to lack of positive selection for any 389 amino acid of StLL1 using site models implemented in PAML (Yang, 2007) . Neither was any 390 positive selection found for the StLL1 branch. StLL1 is also present in seven common potato 391 cultivars, and the miR8788 target site was found in all genotypes (Fig. S9) . Altogether, we 392
propose that StLL1 is a conserved multifunctional protein with critical cellular functions in 393 potato and other plant species, most likely associated with tonoplast-vacuole transport of 394 critical compounds such as nutrients, ions and regulatory molecules, including sRNAs. 395 396
StLL1 is a critical defence component to P. infestans 397
Stable transgenic potato lines were produced using Agrobacterium-mediated transformation, 398 first using the same StLL1 over-expression (OE) construct as in the transient N. benthamiana 399 assay (Fig. 4a) . These plants were used to determine the disease response to P. infestans. 400
Inoculated leaves showed significantly smaller disease lesions and less growth of P. infestans, 401 after 5 days (Fig. 4b,c) . At the same time-point the StLL1 transcript levels were about 10-fold 402 lower compared to mock treatment (Fig. 4d ). Although we cannot exclude the involvement of 403 an endogenous potato factor in StLL1 silencing, the data shows that StLL1 is critical for P. 404
infestans defence. We also generated stable potato transgenic lines containing an artificial 405 miRNA (StamiRNA) construct to induce silencing of the StLL1 transcript (Fig. 4e) . In contrast 406
to our OE materials, P. infestans spread quickly in these transgenic lines (Fig. 4f ). Already 2 407 days after inoculation, sporangiophores started to protrude from the leaves. After 3 days, 408 many leaves were completely covered with mycelia, sporangiophores and sporangia. The 409
DNA content of P. infestans was also significant higher in the StamiRNA plants when StLL1 410 was knocked down compared to StLL1 in wild-type potatoes (Fig. 4g) . Similarly the StLL1 411 transcript levels were significantly reduced in the StamiRNA plants (Fig. 4h) . A miRNA target 412 mimic approach was next applied to inhibit miR8788 activity in P. infestans. Six knock-down 413
(KD) candidates were achieved, whereof KD1 was chosen and used for potato inoculations. 414
We found that this P. infestans KD strain had reduced growth and lower miR8788 transcript 415 levels on its host compared to the wild-type strain 88069 ( Fig. 4i-k; Fig. S10 ), demonstrating 416 the importance of miR8788 for the infection process.
418
Discussion 419 420 P. infestans miR8788 is located in the PITG_10391 sequence, encoding a protein with 421 unknown function. PITG_10391 is a unique single gene in the genome of P. infestans located 422 on supercontig 1.18, a genomic region with low frequency of transposons. Besides targeting 423 the mRNA of StLL1, miR8788 is also predicted to target mRNAs in the P. infestans genome, 424
particularly for the amino acid/auxin permase (AAAP) family. AAAPs are found in almost all 425 eukaryotes. These proteins contribute to various stress responses and long distance amino acid 426 transport, the latter which can be mediated across the cellular membrane (Wipf et al., 2002; 427 Tegeder, 2012) . During tuber infection, 54 out of 57 AAAP genes predicted in the P. infestans 428 genome were active particularly PITG_20230 and PITG_12808 (Ah-Fong et al., 2017). How 429
AAAP genes are regulated in eukaryotes remains to be clarified. 430 P. infestans is known to encode hundreds of effector proteins, those targeted to the host 431 apoplasm like cell wall degrading enzymes and plant protease inhibitors or those that 432 translocate into plant cells (Kamoun, 2008) . The latter cytoplasmic effector category is 433 divided into two main groups of Crinklers (CRNs) and those with the conserved Arg-any 434 amino acid-Leu-Arg (RXLR) peptide motif (Haas et al., 2009) . A handful of RXLR effectors 435
were studied more closely and found localised to a variety of host plant cell compartments 436 such as the cytoplasm and nucleoplasm (Bos et al., 2010) , the endoplasmic reticulum 437
(McLellan et al., 2013) and many other places (Wang et al., 2019) . This diversity of target 438 sites highlights the possible power of concerted action during infection of P. infestans. 439
However, there is a need to move from studies in N. benthamiana to potato harbouring 440 various resistance genes to clarify the importance of all targets described. infestans and the host plant and the involvement of StLL1 in this process are intriguing future 455 aspects on this study. Knowledge on sRNA translocation events is emerging from several 456 plant-pathogen systems (Hudzik et al., 2020) . Among Phytophthora species, most 457 information derives from P. sojae (Qutob et al., 2013; Wang et al., 2019b) . Recently it was 458
shown that in the Arabidopsis -P. capsici interaction, secondary sRNAs from the host were 459
induced upon infection and targeted pathogen genes to promote defense. However in parallel, 460 a known effector (PSR2) suppressed this production of secondary sRNAs and the processes 461 resulted in enhances susceptibility (Hou et al., 2019) . Phytophthora suppressors of RNA 462 silencing (PSRs) were originally found in P. sojae and are common among nine oomycete 463 species according to phylogenetic analysis (Xiong et al., 2014) . P. infestans lags behind, 464 much due to its large and complex genome, in combination with the demanding molecular 465 toolbox presently available. Nevertheless, in light of its importance as plant pathogen, it is 466
worth noting that when searching for information on PITG_10391, we found it being present 467
with intact pre-miR8788 sequence in raw reads of European herbarium materials collected 468 1846 (strain KM177513) and 1877 (strain M-0182896) (Yoshida et al., 2013) . PITG_10391 is 469 still present in European P. infestans strains (Fig. S11) 
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